Abstract: A novel design of a highly sensitive self-calibration biosensor based on a surface plasmon photonic crystal fiber is presented and analyzed using a full-vectorial finiteelement method. In this paper, the sensor geometrical parameters are optimized to achieve high sensitivity for the two polarized modes. The numerical results reveal that the resonant peaks corresponding to the two polarized beams are highly sensitive to the variation of the analyte refractive index. Therefore, high refractive index sensitivity of about 6700 nm/refractive index unit (RIU) and 10000 nm/RIU with the corresponding resolution of 1:49 Â 10 À5 and 1:0 Â 10 À5 RIU can be obtained according to the quasitransverse magnetic (TM) and quasi-transverse electric (TE) modes, respectively. Additionally, the reported self-calibration biosensor has high linearity and high accuracy. Furthermore, the suggested biosensor has great potential for biological and biochemical analytes detection.
Introduction
Surface plasmon resonance (SPR) can be defined as the excitation of surface plasmon polaritons (SPPs) which are electromagnetic waves propagating at the interface between dielectric and metal. The SPR sensors are widely used due to their high sensitivity with molecular labels free [1] . The commercial SPR sensors depend on the conventional prism-coupled configuration [2] . However, this type of configuration suffers from miniaturization and integration. Therefore, the search for compact, portable, and highly sensitive SPR sensors becomes mandatory. In this regard, optical fiber SPR biosensors have advantages in terms of a high degree of integration with remote sensing capabilities [3] . However, removal of the conventional fiber cladding is required for high sensitivity requirements.
Akowuah et al. [6] have presented SPR PCF bio-sensor with sensitivity of 4000 nm/RIU which is higher than 1000 nm/RIU and 3000 nm/RIU reported by Hautakorpi et al. [7] and Hassani and Skorobogatiy [8] , respectively. In addition, PCF biosensor with two large semicircular metalized channels has been introduced with better performance in terms of larger and easier microfluidic flow [9] . Moreover, SPR PCF sensor based on selectively metal-coated air holes containing the analyte channels has been investigated in [10] . Furthermore, Akowuah et al. [5] have reported PCF biosensor that can be used for multi analyte/multi-channel sensing with spectral sensitivities of 2000 nm/RIU and 1500 nm/RIU for HE x 11 and HE y 11 modes, respectively. Additionally, Otupiri et al. [11] have recently proposed birefringent SPR PCF with spectral sensitivities of 2000 nm/RIU and 1700 nm/RIU for HE x 11 and HE y 11 modes, respectively. Qin et al. [12] have also introduced PCF biosensor selectively filled by the analyte with sensitivity of 4354.3 nm/RIU and 2280 nm/RIU. In this design, the cladding holes are also selectively coated by gold layers which is a challenge problem and limits its practical implementation. Therefore, different PCF biosensors are introduced to overcome these practical problems by coating the PCF outer cladding by the metallic layer [13] , [14] . In this regard, Tan et al. [13] have reported a D-shape PCF and the analyte is placed over a flat metallic layer for sensing applications. However, accurate polishing technique should be used to precisely etch the required portion of the PCF cladding. Further, Rifat et al., [14] have introduced hexagonal lattice PCF biosensor surrounded by metallic layer which offers maximum sensitivity of 4000 nm/RIU for the y-polarized mode only.
It should be noted that gold, silver, graphene, or bimetallic configuration have been used for the design of the SPR PCF biosensors [4] , [5] , [7] , [8] , [15] . The gold is chemically stable and offers large shifts in the resonance wavelength. Additionally, the gold has interband transition therefore, it has universal optical conductivity from visible to infrared frequency [16] , [17] . However, the resonance curve of the gold is quite broad which decreases the detection accuracy. On the other hand, the silver produces sharper resonance peaks with higher detection accuracy than that of the gold. However, the silver suffers from its oxidation which decreases the performance of the biosensor. Recently, the bimetallic based PCF has been used as a biosensor with sensitivity of 3200 nm/RIU [15] , where the gold is used to coat the silver to prevent its oxidation.
In this paper, highly sensitive SPR PCF biosensor is reported and analyzed. The suggested design has microstructure of air holes in the core region surrounded by a gold layer. The analyte is placed over the gold layer outside the PCF structure. The simulation results are obtained via COMSOL Multiphysics software package [18] based on full vectorial finite element method with perfect matched layer (PML) boundary conditions. The numerical results show that the proposed biosensor offers high linearity and high refractive index sensitivity of about 6700 nm/RIU and 10000 nm/RIU according to the fundamental quasi transverse magnetic (TM) and quasi transverse electric (TE) modes of the proposed sensor, respectively. However, the PCF biosensor investigated in [14] depends on the quasi TM mode only with sensitivity of 4000 nm/RIU. The reported sensitivities for both polarized modes are more than three times that have been achieved in [5] , [11] . Furthermore, the reported sensitivities are greater than the sensitivity of bimetallic SPR PCF of 3200 nm/RIU [15] . The suggested biosensor can also be used for selfcalibration accurately with high linearity. In addition, the proposed sensor has advantages of integration of microfluidics setup, waveguide and metallic layers into a single structure. As a result, compact sensor with better integration compared to conventional optical fiber SPR biosensors can be obtained. Fig. 1(a) shows the cross section of the suggested PCF biosensor. The proposed PCF design relies on using two rings of air holes in the core region with a central air hole. The air holes of the outer ring have a small diameter d 1 and are arranged in hexagonal shape with a hole pitch Ã. The two air holes along x -axis are shifted by a distance d 2 , as shown in Fig. 1(a) . The center of each hole in the inner ring is located at a normal distance D to the line between the centers of two neighboring holes in the outer ring, as shown in Fig. 1(a) . The air holes of the inner ring have elliptical shape with minor and major diameters 2a and 2b, respectively while the central hole has a diameter d c . The air holes in the inner ring are used to control the confinement of the two guided core modes through the core region. Additionally, the air hole at the center of the structure is utilized to reduce the effective refractive index in the central core area to facilitate the matching between the core guided modes and the surface plasmon modes. Further, a uniform gold layer of thickness t Au is used to coat the PCF microstructure surrounded by a slot of thickness d 3 to house the analyte. The permittivity of the gold has been obtained from Johnson and Christy [19] . Further, the suggested design has a silica background material which has the following Sellmeier equation [5] :
Design Considerations and Numerical Approaches
where n s is the refractive index of the silica, is the wavelength in m. [18] is used to find the quasi TE and quasi TM core guided modes and plasmonic modes for the suggested biosensor. The fundamental quasi TE mode refers to the fundamental H 
Numerical Results
The structural geometrical parameters of the proposed design are investigated and analyzed for biosensing applications. In this study, the initial geometrical parameters are taken as of the quasi TE and quasi TM modes and the surface plasmon modes at the resonance wavelengths. It is evident from the core guided field plots that the leakage of the quasi TM mode into the analyte filed slot is greater than that of the quasi TE mode. Therefore, the losses of the quasi TM mode are greater than that of the quasi TE modes. It should be noted that the sensor device length is inversely proportional to its modal loss. Therefore, the optimization of the PCF structural geometrical parameters can control the design length of the PCF sensor with comparable sensitivities. This feature is important for the practical considerations when integrating the proposed sensor into a complete sensor system. The impact of the reported biosensor geometrical parameters on the sensor properties are studied and analyzed to achieve high spectral sensitivity. The effect of the shift distance d 2 is first investigated while the other parameters are kept constants at their initial values. increases, the index contrast between the core and cladding regions and, hence, the effective index of the core guided modes decrease, as shown in Fig. 3 . Fig. 3 shows the wavelength dependent effective indices of the quasi TM core modes and surface plasmon modes. Therefore, the leakage of the core guided modes toward the metallic layer increases by increasing the d 2 value. Consequently, the confinement losses of the two polarized modes and the corresponding resonance wavelengths increase by increasing the shift distance In this study, the sensitivity of the proposed sensor is first calculated according to the wavelength interrogation method. In this approach, the shift of the plasmonic peak is used to detect the analyte refractive index changes. Therefore, the sensitivity can be expressed in terms of the resonance peak wavelength peak in the loss spectra and the analyte refractive index n analyte as follows [8] , [9] :
It is found that the suggested sensor sensitivities are equal to 5600, 6300, and 7000 nm/RIU according to the quasi TM modes at d 2 ¼ Ã=1:2, Ã=1:5, and Ã=1:7, respectively. However, sensitivities of 6000, 6500, and 7200 nm/RIU, respectively are obtained based on the quasi TE modes. The sensitivity at d 2 ¼ Ã=1:7 is better than that obtained at d 2 ¼ Ã=1:5. However, the core guided mode at d 2 ¼ Ã=1:7 has more confinement losses due to its leakage toward the metallic layer. Therefore, the shift distance d 2 will be fixed to Ã=1:5 in the subsequent simulations. The sensitivity of the proposed sensor is also calculated using the amplitude based method at which all measurements are obtained at a single wavelength [20] . This approach does not require spectral manipulation, with simple and low cost procedure. However, the operational range and sensitivity of the amplitude based technique are smaller than the wavelength interrogation method [20] . The amplitude sensitivity is calculated using the propagation loss ð; n a Þ of the guided core mode as a function of wavelength and the analyte refractive index n a as follows [8] : The amplitude sensitivity of the suggested biosensor at different values of d 2 is shown in Fig. 4 . It is revealed from this figure that the quasi TM and quasi TE core modes have amplitude sensitivities of 631.507 RIU À1 and 519.447 RIU À1 at d 2 ¼ Ã=1:5, respectively. Assuming that a change of 1% in the transmitted intensity can be detected reliably, sensor resolutions of 1:583 Â 10 À5 RIU and 1:925 Â 10 À5 RIU for the quasi TM and quasi TE mode, respectively, are achieved.
It is well known that the surface plasmon waves depend mainly on the thickness of the metallic layers. Therefore, the effect of the gold thickness on the loss spectra is investigated at d 2 ¼ Ã=1:5 while the other parameters are fixed at their initial values. Fig. 5(a) and (b) shows the variation of the loss spectra of the quasi TM and quasi TE guided modes, respectively with the wavelength at different values of gold layer thickness: 30 nm, 35 nm, and 40 nm at two different analyte refractive indices: n a ¼ 1:33 and n b ¼ 1:34. It is observed from Fig. 5 that there is a decrease in the loss spectra of the quasi TE and TM modes as the gold thickness increases from 30 nm to 40 nm. As the metal thickness increases, it becomes significantly larger than its skin depth, (20-30 nm) . Therefore, the core guided mode will be effectively screened from the plasmon and hence low coupling efficiency will be achieved. Additionally, the resonant attenuation peaks are shifted by changing the analyte refractive index from can be utilized to detect the change of the analyte refractive index. Further, it can monitor the existence of nanometer thin biolayers along the top surface of a metalized sensor. It is found that the sensor sensitivities are equal to 6500, 6300, and 6300 nm/RIU according to the quasi TM mode at t Au ¼ 30, 35, 40 nm, respectively. However, the sensitivities are equal to 8000, 7000, and 6500 nm/RIU due to the quasi TE modes. Therefore, the thickness of the gold will be fixed at 30 nm in the subsequent simulations. The quasi TM mode ðE 11 y Þ has more leakage toward the metal layer than the quasi TE mode ðE 11 x Þ. Therefore, the quasi TM mode has relatively higher sensitivity than that of the quasi TE mode. Fig. 6 illustrates the amplitude sensitivity of the proposed biosensor at different values of gold thickness. The quasi TM mode has an amplitude sensitivity of 637.355 RIU À1 at t Au ¼ 30 nm, as revealed from Fig. 6(a) . Additionally, the quasi TE mode has an amplitude sensitivity of 847.656 RIU À1 at t Au ¼ 30 nm, as shown in Fig. 6(b) . Therefore, sensor resolutions of 1:57 Â 10 À5 RIU and 1:18 Â 10 À5 RIU for the quasi TM and quasi TE mode, respectively, are achieved.
The influence of the thickness d 3 of the microfluidics slots on the confinement loss and resonant wavelength of the SPR PCF sensor is also investigated. In this study, d 3 is changed from equal to 5000, 6500, and 5800 nm/RIU according to the quasi TM mode, respectively. On the other hand, high sensitivities of 9000, 8000, and 6800 nm/RIU are achieved according to the quasi TE modes, respectively. Therefore, the thickness of the analyte layer is taken as 1.3 m in the subsequent simulations to achieve high sensitivity for the quasi TE and quasi TM modes.
The normal distance D shown in Fig. 1(a) has a direct effect on the core region area and hence the effective indices of the core guided modes. To investigate the effect of the core area on the sensor sensitivity, the normal distance D is changed from 0.1 to 0.2 m, as shown in respectively. Therefore, the normal distance D will be fixed to 0.15 m in the subsequent simulations. It is also worth noting that the average index of the core region decreases by increasing the distance D. Therefore, the index contrast between the core and cladding region decreases. Additionally, the confinement of the mode through the core region decreases by increasing the wavelength. Therefore, the combining effects of increasing the distance D to 0.2 m and increasing the wavelength greater than 0.75 m result in increasing the losses, as shown in Fig. 7(a) .
The effect of the ellipticity ratio of the elliptical holes on the sensor performance is studied while the other parameters are fixed at their optimized parameters. Additionally, the minor axis a of the elliptical holes is kept constant at 0.25 m. As the major radius b increases from 0.5 to 0.62 m, the modes will be more confined through the core region and hence the confinement losses will be decreased. Further, the resonance wavelengths of the two polarized modes are shifted toward longer wavelength by changing the analyte refractive index from 1.33 to 1.34. At b ¼ 0:5 m, high sensitivities of 6500 nm/RIU, and 8000 nm/RIU are achieved according to the quasi TM and quasi TE modes, respectively. As the major radius is further increased to 0.60 and 0.62 m, high sensitivities of 6700 nm/RIU and 7000 nm/RIU are achieved for the quasi TM, respectively. Additionally, high sensitivity of 10000 nm/RIU is achieved for the quasi TE mode at b ¼ 0:60 and 0.62 m. From practical point of view, b ¼ 0:6 m is chosen so that the distance between the core air holes can be achieved experimentally. In this study, it is assumed that 0.1 nm change in the position of a resonance peak can be detected reliably. Therefore, sensor resolution of 1:49 Â 10 À5 RIU, and 1:0 Â 10 À5 RIU can be obtained according to the quasi TM and quasi TE modes, respectively. To the best of the authors' knowledge, the achieved sensitivities are the highest reported in the literature which are more than three times that have been achieved in [5] and [11] . Fig. 8 shows the amplitude sensitivity of the reported bio-sensor at different values of the major elliptical axis radius. The quasi TM mode has an amplitude sensitivity of 1019.936, 851.743 RIU À1 at b ¼ 0:6 m, and 0.62 m, as shown in Fig. 8(a) . Additionally, the quasi TE mode has maximum amplitude sensitivity of 648.472, 642.334 RIU À1 at b ¼ 0:60 m and 0.62 m, as revealed from Fig. 8(b) . Therefore, sensor resolutions of 9:8 Â 10 À6 and 1:17 Â 10 À5 RIU at b ¼ 0:6, 0.62 m for the quasi TM and 1:54 Â 10 À5 RIU and 1:55 Â 10 À5 RIU for the quasi TE mode, respectively, are achieved.
The linear fittings of the variation of the resonant wavelengths with analyte refractive indices of the quasi TE and quasi TM modes are finally studied and depicted in Fig. 9 . In this investigation, the geometrical parameters of the proposed biosensor are fixed at their optimum values. It may be noted from Fig. 9 that the resonance wavelengths of the two polarized modes increase with increasing the analyte refractive index from 1.33 to 1.35. The corresponding linear fitting equations are as follows:
where peakTE and peakTM are the resonant wavelengths of the quasi TE and quasi TM modes, and n a is the analyte refractive index. In order to measure the response linearity quantitatively, the R-square value is calculated. As the R value increases to 1.0, the higher the response linearity that can be obtained. The calculated R-Square of the fitting lines of the sensitivities according to the quasi TE mode and quasi TM mode are equal to 0.96923 and 0.95974, respectively, and hence, high linearity can be obtained. Further, an average sensitivity of 12600 nm/RIU and 10080 nm/RIU can be achieved according to the quasi TE mode and quasi TM mode, respectively, which are larger than that of the PCF SPR biosensors reported in [5] , [10] - [12] , [14] , [15] , [21] - [23] , as revealed from Table 1 . Therefore, the proposed biosensor with high sensitivity and high linearity can be used as a self-calibration sensor within unknown analyte refractive index range from 1.33 to 1.35. Table 1 shows a comparison between the performance of the suggested PCF-SPR biosensor with those reported in the literature [10] , [12] , [21] - [23] in terms of dynamic detection refractive index range, average sensitivity and linearity. It is revealed from this table that the sensitivity of the reported biosensor is greater than that in the literature for both polarized modes. Further, the linearity is comparable with the counterparts. Additionally, the previously reported SPR-PCF sensors [10] , [12] , [21] - [23] are operated using only one polarized state. In comparison to bi-functional biosensors, Zhang et al. have reported only sensitivity of 1535 nm/RIU for Channel 1and 1550 nm/RIU for Channel 2 and 3 [24] . Moreover, Otupiri et al. [25] have introduced a maximum sensitivity of 4600 nm/RIU and 2300 nm/RIU according to HEx 11 and HEy 11 modes, respectively. Furthermore, the reported biosensor has more sensitivity than 4240 nm/RIU reported in [12] , [26] . The investigated biosensor has also more sensitivity than the multiple channel sensor investigated in [27] .
The numerical results show that the suggested sensor has the potential for realizing a PCF SPR sensor with high sensitivity for the fundamental quasi TM and quasi TE modes which attracts the interest of many researchers nowadays. Additionally, this feature can be used for applications for simultaneous detecting the bulk and surface contributions to sensor response. The suggested design has only two rings of air holes with large channel for housing the analyte therefore the fabrication process should not be difficult. The fused array preform fabrication method can be used to fabricate PCF with air hole diameters of typically 0.1 microns or more [28] . The air holes of the outer ring have the same diameter d 1 and are arranged in the wellknown and widely fabricated triangular lattice arrangement. Further, the inner ring has elliptical holes of the same minor and major radii. In this regard, PCF with cladding elliptical air holes have been fabricated in [29] , [30] . Furthermore, Belardi et al. respectively. It may be seen from these values that the ellipticity factor is comprised between 1.2 and 1.5 while the ellipticity factor of the starting silica cane that they have drawn was of 1.9 [31] . Therefore, it is believed that PCF with larger values of ellipticity can be obtained by using initial silica canes with a larger ellipticity and by optimizing the drawing conditions (temperature, pressure, and speeds). In this regard, the suggested PCF biosensor has elliptical holes of major and minor radii of 0.6 m and 0.25 m in the same region of dimensions of the fabricated PCFs [31] .
First, a silica cane comprising the elliptical holes in the first ring can be produced as suggested by Belardi et al. [31] . Next, a final PCF preform containing the cane previously made can be drawn. Therefore, it is believed that the suggested PCF biosensor with elliptical holes can be successfully fabricated using the same technique reported in [31] . The gold layer can then be integrated outside the PCF design by using sputtering technique, and high pressure chemical vapor deposition (CVD) technique [32] , [33] . Further, the analyte sample can be introduced into the slot with pressure or capillary flow [34] , [35] . Therefore, the suggested sensor can be used to partially overcome the packaging of the microfluidics, waveguide, and metallic layers into a single sensor.
The fabrication tolerances of the important geometrical parameters d 1 , t Au and elliptical hole major axis b and shift distance D that affect the sensitivity of the proposed biosensor have been TABLE 1 Comparison between various SPR biosensor performances investigated. It is worth noting that the tolerance of a specific parameter is calculated while the other parameters of the proposed design are kept constants at their optimum values. The numerical results show that the suggested design has a fabrication tolerance of ±5%, at which the sensitivities according to the quasi TM and quasi TE modes are still better than 6000 nm/RIU and 9000 nm/RIU which makes the design more robust to the perturbation introduced during the fabrication.
Conclusion
A novel design for self-calibration PCF based SPR sensor is proposed and analyzed to achieve high sensitivity with simple structure and without adopting any geometrical shapes that require any complex fabrication. The sensitivity of the proposed biosensor has been studied and analyzed. The reported sensor has high sensitivity of 6700 nm/RIU, and 10000 nm/RIU, according to the quasi TM and quasi TE mode, respectively. Therefore, the reported structure offers sensor design at the desirable wavelength in the visible and near IR because of its ability to support two fundamental core-guided modes of small effective indices. Further, the proposed design has a fabrication tolerance of ±5% and high robust degree to the perturbation introduced during the fabrication process.
